The electromagnetic inelastic form factors of ep.....o;eN* are calculated in a covariant way, on the basis of a relativistic extended-particle model introduced as a straight-forward extension of the nonrelativistic quark model. It is shown that the inelastic form factors have the same q2-dependence as the elastic one at higher momentum transfers, that is,
§I. Introduction
In a previous paper 1 ) we proposed a relativistic extended-particle model for the nucleon, which can well reproduce the experimental data of the electromagnetic nucleon form factor for ep~ep. The model enables us to take account of the Lorentz contraction effect on the nucleon as an extended particle. The effect becomes important at larger values of invariant momentum transfer squared q 2 , and then makes the dipole-type q 2 -dependence of the elastic nucleon form factor. It is natural that we expect the similar effect on the nucleon and nucleon isobars in ep-'>eN*. Recent experimental works 2 ) seem to suggest that the inelastic !orm factors for ep-'>eN* also have the q 2 -dependence similar to the elastic one at large q 2 •
In the present paper we investigate the q 2 -dependence of the inelastic form factors, using the relativistic extended-particle model and the simple assumptions of the electromagnetic currents.
As is seen in Fig. 1 , we have the conservation law of energy-momentum Observing the vertex in the rest system of the N*, for instance, we have the relativistic initial nucleon with momentum P 1 = -q and Lorentz factor rz *> Present address: Department of Physics, Tokyo University of Education, Tokyo. Hence, the ratio of the linear extension of the nucleon to the photon wavelength c~lql/ rzM) will approach a constant value independent of lql or q 2 as l goes to the infinity. This is the Lorentz contraction effect taken into account in the previous work 1 ) for the elastic nucleon form factors. Here we want to apply the same idea to the inelastic form factors of ep~eN*.
tex.
We :first prepare the relativistic wave functions of nucleon and nucleon isobars in § 2, and the electromagne tic current and vertex function in § 3. Using them, we derive the elastic form factors in § 4 and the inelastic cross sections in § 5. Comparison of the theoretical results with experiment is given in § 6. Section 7 is devoted to the concluding remarks. · In Appendices I and II we discuss details of the wave functions and the overlap integrals. In Appendix III the theoretical results obtained from the nonrelativist ic quark model are outlined for the sake of comparison with the present work.
§ 2. Wave functions of nucleon and nucleon isobars
For a while we restrict our discussion to the wave function of nucleon. In the nonrelativist ic quark model, we have often used the following wave function 3 ) for a nucleon at rest; 1
where V is the normalization volume and X 0 the center-of-mas s time of the nucleon. X and ¢< 0 ) stand, respectively, for the spin-unitary spin wave function and for the inner orbital wave function of the nucleon, written in terms of coordinates of three constituent quarks. In the non-relativist ic quark model it is assumed that three constituent quarks of the nucleon are in a non-relativis tic state of inner motion. If we keep such a supposition concerning the inner motion even for a relativistic nucleon, then we can apply the straightforw ard boosting as a nucleon to the wave function (2) . To do this, we :first replace X with the enlarged one Uo= ( 5 ), (3) in which the upper and lower components of u 0 are, respectively, regarded as the large and small components of the relativistic nucleon spinor. Thus we get the wave function
for nucleon with momentum P, where PP = (P, EP) and XP are the center-of-mass 4-momentum and coordinate of the nucleon, respectively, and 
Wave function (6) has been used, in the previous work, l) to calculate the nucleon elastic form factors. The only one free parameter a 1 is related to the root mean square radius of the nucleon .J <r 2 )c by
whose value is a 1 =0.4(GeV /c) 2 to obtain the best fit of the form factors. then we have
where r I"= Cro, ry) IS given by
We can apply the same idea to construction of the wave functions of nucleon isobars as a straightforward extension of those wave functions in the nonrelativistic quark model, 4 ) that is, we write down them as follows: 
(16b) where u< Then we ought to set up the complete form of the current including the odd part as well as the even part. This task would be performed by making a possible form to express the current in a relativistic way for motions of a nucleon but not for quarks.
Before entering into this, we must first remark that the odd part will destroy the naive additivity of the electromagnetic current assumed in (17) or (18) . The naive additivity means that only one of three constituent quarks interacts with photon but other two are left as observers. The odd part gives us the nonvanishing amplitude of nucleon pair production near the threshold point, so that all three quark lines should change their time-directions from plus to minus by only one interaction. This means that the naive additivity is destroyed. Nevertheless, we may construct a relativistic current with nearly additive property In the following way:
First we put .
Here we assume 0 (i) to be "' 
Further we must require the full symmetricity of O"'<i) with respect to every quark member i = 1, 2, 3. It is easily seen that we have so designed 0/i) as to have the relativistic property as a nucleon but to maintain non-relativistic operators of quarks. Only from these assumptions, without resort to the concrete expression of 0/i), we can reduce (20) to
where
ILLz= S S ¢<L,Lz)* (PF; r, s) eiq·(ar+bs)¢(O) (PI; r, s) d 4 rd
Here we have used the symmetric properties of the current and wave functions with respect to quarks. IL,Lz can be calculated only from the inner orbital wave functions (6)' (15) and (16)' whereas of< depends on the detailed form of 0/i>.
We are now going to find a possible model for 0/i). Let us first recall the electromagnetic vertex function of a single Dirac particle:
where we have used the conventional notation. Rewriting j"' m terms of components, we have
Along the basic idea given by (22), the single particle current terms may be replaced with· the composite particle current terms as follows:
where Qi and /Ci are, respectively, the charge and anomalous magnetic moment matrices of i-th quark. hi and j;i are the form factors of i-th quark, which should be unity for point quark. Thus we can set up the electromagnetic current (25) where
We must examme as to whether the current given by (25) and (26) 
It is true that the current J/ is not so satisfactory, but we may as well use it for a trial approach to ep~ep and ep~eN* with large q
•
It is, however, to be noted that the main part of q 2 -dependence of the cross section comes from the Lorentz contraction effect included in IL,L;; which depends only on the inner orbital: p~rt of wave functions.
We have discarded other possibilities of possible currents depending on details of inner motions of quarks, for instance, ones proportional to L~!)qv, L~t) being the dual inner orbital angular momentum tensor of i-th quark. The electromagnetic current given by (25) and (26) or (27) is to be considered as a first triaL A most important emphasis of the present paper is to point out the Lorentz contraction effect on the electromagnetic elastic and inelastic . form factors
. Electromagnetic nucleon form factors
In this section we investigate the electromagnetic nucleon form factors of
By making use of the electromagnetic current in the preceding section, the nucleon form factors are easily given by
where superscripts p and n stand, respectively, for proton and neutron, and subscripts E and M, respectively, for electric and magnetic form factors. Here /Cp and !Cn are the proton and neutron anomalous magnetic moments measured by nuclear magneton, namely, /Cp:::::::l. 79 and /Cn::::::: -1.92, while we theoretically
The factor 1 0 , 0 are nothing other than the form factor W R discussed in detail in a previous paper/) namely,
It is easily seen that this formula can well reproduce the experimental q 2 -dependence of the nucleon form factor GMP (q 2 ) for O;Sq 2 ;S30M 2 , but we shall not repeat discussions given in the previous paper.
)
We must discuss here remaining factors in (28) coming from the detailed form of the current (25) and (26) . There are two possibilities concerning the relationship between j 1 and j 2 : (i) for the point quark we have to put };. = j; = 1. On the other hand, (ii) we have a possibility of determining };. and j; so as to keep partially the so-called scaling law only for proton form factors. 
As IS easily seen from (28), we have no longer the full scaling law which was found empirically for small q 2 and derived by the non-relativistic quark model. 8 >
The full scaling law in this case is to be regarded as an approximate one valid only for q 2 much smaller than 4M
•
It is, however, to be noted that GMP and GMn still satisfy the scaling law but only GEP and GEn do not obey the law. That is to say, this choice gives us the scaling law for the magnetic form factors. The proton electric form factor has the q 2 -dependence different from the dipole formula by factor q 2 for large l. Future experiments will throw a light onto the question. In connection with this problem, the neutron electric form factor GEn (q 2 ) at smaller values of q 2 is also interesting to us. Corresponding to the above two cases we have the formulas:
(ii) proton scaling law (31 a, b) Figure 2 shows comparison of the theoretical results of (34) and · (35) with existing experimental data.
6 )
The nucleon form factors o btained here are to be used for the region l>O. As is seen from the currents (21) and (22) 
In such a region we q
have to take every possible produc- to get a correct form factor. In this point of view the form factors obtained here should be only an approximate one. However, we can believe that all contributions from these production processes of lighter pairs will decrease more rapidly than the factors obtained here in the regions q 2 >0 and q
The essential singularity at q 2 = -2M 2 would come from the situation that the relativistic harmonic oscillator potential has been used to get the wave function (6) . The potential would perhaps have to be improved so as to vanish at infinite inter-quark distances. It would be true that this improvement and the unitarity requirement (including production processes of lighter pairs) can remove the essential singularity, but we should expect that the linearly raising trajectory will be modified in its essential form. § 5. Inelastic form factors and cross sections for ep~eN* Following the formalism given by Bjorken and W alecka, 6 ) the differential cross section can be written in terms of the inelastic form factors fc, f+ and f_ as
where (), Q and E are, respectively, the scattering angle, the solid angle and the energy of the incident electron in the laboratory system, and E * and q* (q 0 *, q*)
K. Fujimura, T. Kobayashi and 11;!. Namiki
are, respectively, the proton energy and momentum transfer in the N* -rest frame. 
Using the internal space wave function presented m § 2, we can calculate the overlap integral ILo· For L= Orv4 we get 
As is seen in (40) and (41), the overlap integrals behave as the dipole formula (q Such a behavior can be verified for all L. This l-dependence is quite different from that in the non-relativistic theory 8 ) ' 4 ) where the overlap integral has the following behavior for large q 2 :
Putting aF=ai=a in (40) and (41),·we can rewrite the overlap integral in the following simple form: 
( ii) N* belonging to the 7 0-dimensional representation
Here flu and fla are the magnetic moment of quarks u and d, respectively, and
El is the proton energy in the N* -rest frame. § 6.
Comparison with experiment
The quantum number assignment for N and N* used here is shown In Table I . In the following calculation we shall use a I= 0.4 (Ge V / c) 2 obtained 111 the previous paper . The theoretical result. in the nonrelativistic quark model is also plotted by the dotted line in Fig. 3(a) . As was already pointed out, we can see that the overlap integrals have the same q 2 -dependence as the dipole formula at large q 2 irrespectively of L. The nonrelativistic model leads to the q 2 -dependence quite different from those obtained here. (See Fig. 3 (a) .)
In Figs. 4 (a) '"""'4 (g) we show the ratio of the inelastic differential cross section d(J / dQ to the experimental elastic one. The experimental data We have presented the theory of the electromagnetic elastic and inelastic form factors of processes ep~ep and eN*, on the basis of the relativistic extendedparticle model in which constituent quarks composing N and N* are in a nonrelativistic state of inner motions but the N and N* are relativistically treated. The basic idea is to take the Lorentz contraction effect on the N or N* as an extended particle into account by the relativistic overlap integral. The theoretical q 2 -dependence of the form factors seems to be consistent with experiment, and we have considerably improved the nonrelativistic quark model by the Lorentz contraction effect. However, we have been led to the absolute magnitudes of Tr(for N*~N+r) and (d(Jjd!J)q2=0 (for ep~eN*) worse than the results of the nonrelativistic quark model. The authors believe that these absolute values would be improved by refinement of the detailed form of the electromagnetic current at other points than the Lorentz contraction factor.
Finally we must point out a possible objection against the present work. The similar method taking the Lorentz contraction effect into account may be applied to the pion form factor. In such a case the Lorentz factor may be of the following form: -dependence seems to be not consistent with experiment, although the existing experiments do not confirm any form of the pion form factor. However, we want to point out the well-known extraordinary position of the pion mass in high energy particle physics. We do not know any significant phenomena characterized by the pion mass as a dominant parameter. The differential cross sections (or the q 2 -dependence) for most of the high energy particle reactions can be described in terms of only one parameter of the order of the nucleon mass. The only exception may be in the transverse momentum distribution of most of the particle reactions and the differential cross section for neutron-proton charge exchange scattering.· The situation of the pion form factor mentioned above would come from a deeper ground.
Appendix I

Wave functions
Here we formulate the inner orbital wave function. In order to construct the relativistic wave function in the framework of a possible model consistent with the linearly raising Chew-Frautschi trajectory, we may as well put the base of our task on the following relativistic wave equation (I·1) where the mass operator described by the relativistic 4-dimensional harmonic oscillator potential is given by (I· 2)*> As was discussed by Takabayashi, 8 > if we require the additional condition Thus we obtain the wave functions (14) and (15) in § 2.
It is to be noted that the operators A and W _ and the ground state wave function ¢P> (P; r, s) are totally symmetric, while aP (i) and a/ (i) are mixedsymmetric under exchange x<i>~x<f> (i, j = 1, 2, 3). Then the wave function for even L (14) is totally symmetric, while the wave function for odd L (15a) and (15b) are mixed-symmetric. Therefore the inner orbital wave function for even L (odd L) is coupled to the 56 (70) -dimensional spin-unitary spin wave function to lead totally symmetric overall wave function.
Appendix II
Evaluation of the overlap integrals
The overlap integrals can easily be evaluated using new integration variables ~i<r> and ~/'> (i = 0, 1, 2, 3) defined in the following way, instead of r and s: Using variables ~i (i = 0, 1, 2, 3) and these relations, we can easily obtain ( 40) in § 5 after elementary calculations.
Appendix III
Nonrelativistic quark model
Here we briefly discuss the processes r + N~N* or N*~N + r and e + p~ e+N* in the nonrelativistic quark model given by our earlier work.
4 > (The earlier work (reference 4) contains some mistakes which will be corrected later.) The interaction Hamiltonian adopted in the nonrelativistic quark model is described as
